Microscopic pathology of duodenum in rats exposed to Fusarium graminearum, a fungus infecting small-grain cereals, was investigated. Intestinal haemorrhage was observed macroscopically in one of the rats. Light microscopy demonstrated detachments between the surface epithelium and the lamina propria and severe interstitial oedema in the lamina propria in the test group. Electron microscopy identified epithelial absorptive cells with highly expanded endoplasmic reticulum tubules, abundant cytoplasmic vesicles containing electronlucent materials, swollen mitochondria with spongiform appearance, and prominent cellular swelling. Other observations included opening of junctional complexes between epithelial cells lining the duodenum, highly enlarged intercellular spaces in duodenal epithelium, and numerous eosinophilic granulocytes and mast cells in the lamina propria. These findings indicate that dietary F. graminearum causes epithelial cell and connective tissue damage in rat duodenum. This is the first histopathological study showing that F. graminearum ingestion is associated with duodenal damage.
Introduction
Fusarium graminearum is one of the most frequently found Fusarium fungi in small-grain cereals such as wheat, barley and rice, 1 -3 causing Fusarium head blight (FHB) 1,4 in wheat and sheath rot in rice. 5 Both FHB and rice sheath rot result in severe economic losses in many countries around the world, 2,5,6 and recent genetic investigations associated with the development of FHB resistance have been conducted. 4, 7 Although Fusarium species commonly cause plant diseases, they have also recently emerged as opportunistic fungal pathogens in immunocompromised patients with cancer and AIDS. 8 In addition, indoor air contamination with F. graminearum causes health problems worldwide, including respiratory problems (e.g. rhinorrhoea or wheezing), symptoms of neurological dysfunction and acoustic neuroma.
9,10
Fusarium species are also causal agents of infectious keratitis and endophthalmitis. 11, 12 Of particular concern, Fusarium fungi in infected grains produce various mycotoxins which, when ingested, can have a toxic effect on many organs in humans and animals that can lead to cancer. 13 -20 These data suggest that F. graminearum may be a global health concern in humans and animals. Although haemorrhage, uterine enlargement and death have been observed by some investigators after gross anatomical examination of rats fed F. graminearuminoculated rice, 21 research concerning the histopathological changes caused by F. graminearum in mammalian organs is limited. In our previous studies, damage to the liver and kidney has been demonstrated by light and electron microscopy in rats fed an F. graminearum-inoculated diet. 22, 23 This present study is the first microscopic investigation of potential duodenal injury by dietary F. graminearum in rats.
Materials and methods
This study was given ethical approval by the Department of Basic Medical Sciences, Atatürk University, Turkey. was cultured on an autoclaved rice medium (200 g rice and 120 ml distilled water) in a 1 l flask. This medium was selected to ensure production of high levels of mycotoxins. 25 Cultures were incubated at room temperature (24°C) for 2 weeks and then transferred to an incubator at 10°C for a further 2 weeks. Inoculated rice grains were dried and ground to the consistency of flour, and were then used to feed the rats in the test group.
PREPARATION OF FUSARIUM GRAMINEARUM-CONTAMINATED FEED

21
ANIMALS
Young adult female Sprague-Dawley rats (200 -250 g each) from the Biotechnology Animal Laboratory (Atatürk University, Turkey) were randomly allocated into two equal-sized groups. Rats in the test group were fed with a 1:1 (vol/vol) mixture of inoculated rice and commercial rat diet for 14 days, and control rats were fed a mixture of non-inoculated rice and commercial rat diet for the same period of time. The animals were individually housed in stainless-steel cages, maintained under standardized conditions of light (12-h light/dark cycle) and temperature (22 ± 2°C), and given fresh tap water. After 14 days, the rats were sacrificed by cervical dislocation and their duodenum removed.
TISSUE PROCESSING FOR MICROSCOPIC EXAMINATION
Duodenum samples for light microscopy were fixed by immersion in 10% neutral buffered formaldehyde 26 for 24 h, dehydrated in a graded ethanol series, and embedded in paraffin wax. Paraffin sections of 4 -5 µm thickness were stained with haematoxylin and eosin and examined using an Olympus BH-2 ® light microscope (Olympus, Tokyo, Japan). Tissue specimens for electron microscopic examination were fixed in 3% glutaraldehyde in 0.1 M phosphate buffer (pH = 7.4; Agar, Cambridge, UK) for 1.5 h and subsequently post-fixed in 1% phosphatebuffered osmium tetroxide (pH = 7.4; Agar) for 1 h, and then dehydrated through a graded acetone series and washed three times in 100% propylene oxide. After dehydration, specimens were infiltrated in 1:1 (vol/vol) propylene oxide/Araldite CY 212 (Agar) for 1 h, 100% Araldite CY 212 for 1 h, and fresh Araldite CY 212 overnight at room temperature, and then embedded in fresh Araldite CY 212 for 48 h at 63°C. Sections from resin blocks were obtained using an ultratome (Nova LKB, Bromma, Sweden). Thin sections (70 -80 nm) were mounted on 200-mesh copper grids and stained for 25 min in 2% uranyl acetate and 5 min in 521 E Özbek, A Özbek, Z Calik Histopathological effects of Fusarium graminearum on duodenum 0.4% lead citrate. 27 Grids were examined using a Jeol 100 SX ® transmission electron microscope (Jeol, Tokyo, Japan) at 80 kV.
Results
A total of 12 rats were included in the investigation, six in each study group. In the luminal surface of the duodenum in the control group, finger-like projections of the mucosa (intestinal villi) were seen by light microscopy. In the epithelium covering the villi, two distinct types of cells -columnar absorbing cells and goblet cells -were predominant. The lamina propria (loose connective tissue) was beneath the surface epithelium. Crypts of Lieberkühn, which are invaginations of the mucosa between the bases of the villi, and mucous Brunner's glands, were also observed in the lamina propria and submucosa, respectively (Fig. 1A) .
Severe intestinal haemorrhage was seen with the naked eye in one of the F. graminearum-treated animals when the abdomen was opened (results not shown). In the paraffin sections of exposed rats, the duodenal epithelium covering the villi was detached from the lamina propria forming the centres of the villi. Additionally, prominent interstitial oedema was found in the lamina propria filling in the centres of intestinal villi and the spaces between crypts of Lieberkühn ( Figs 1B and 1C) .
In the electron micrographs of control duodenum, closely packed microvilli were present on the luminal surface of absorptive cells. The terminal web zone in the cytoplasm just beneath the level of the microvilli was free of cell organelles (Figs 2A  and 3A) . Highly branched profiles of smooth endoplasmic reticulum (SER) were abundant in the cytoplasm below the terminal web ( Fig. 2A) , and mitochondria, rod-shaped or filamentous, were distributed in the cytoplasm (Figs 2A and 3A) . 522 E Özbek, A Özbek, Z Calik Histopathological effects of Fusarium graminearum on duodenum FIGURE 1: Light micrographs of duodena of (A) control-group rats (n = 6) and (B) and (C) Fusarium graminearum-fed rats (n = 6) after 14 days. Duodenal sections were stained using haematoxylin and eosin. V, intestinal villi; L, lamina propria; e, surface epithelium; cL, crypts of Lieberkühn; Bg, Brunner's glands; IE, interstitial oedema; D, detachment between the duodenal epithelium and the lamina propria. Bars = 50 µm. Some mitochondria were found in the epithelial cells of the duodenum in the test group, and these were electron-lucent and spongiform in appearance (Fig. 2B) . Highly expanded endoplasmic reticulum tubules and Electron micrographs of duodena of (A) control-group rats (n = 6) and (B) Fusarium graminearum-fed rats (n = 6) after 14 days. Duodenal sections were stained using uranyl acetate and lead citrate. Mv, microvilli; Tw, terminal web; SER, smooth endoplasmic reticulum; m, mitochondrium; *m, swollen mitochondrium; cv, cytoplasmic vesicles; *, expanded tubules of endoplasmic reticulum. Bars = 0.5 µm. Magnification: × 6060 (A) and × 6060 (B) intercellular spaces between these cells were fairly enlarged (Fig. 4A) . Numerous eosinophilic granulocytes and mast cells were also present in the lamina propria of the duodenum from the rats fed a F. graminearum-inoculated diet (Fig. 4B) .
Discussion
Fusarium graminearum, one of the Fusarium fungi, most frequently infects small-grain cereals 1 -6 both prior to harvest and during storage, 13, 28, 29 and may produce mycotoxins such as zearalenone, DON, T-2 toxin and aurofusarin in the infected grains. 30 -36 These mycotoxins are harmful to humans and animals. 13 -15 In the present study, the possible histopathological effects of dietary F. graminearum on rat duodenum were investigated via light and electron microscopy.
In one of the F. graminearum-treated rats, intestinal haemorrhage was seen macroscopically in the abdominal cavity. Haemorrhage and death have also been reported in a previous study after gross pathological examination of rats fed with inoculated rice. 21 Additionally, some investigators have stated that the mycotoxin wortmannin produced by F. oxysporum also causes haemorrhage in the myocardium and gastric submucosa. 17 Toxins, including DON and T-2 toxin, 37 cause cell injury by interfering with endogenous substrates or enzymes. 38 In this context, oxidative phosphorylation in mitochondrial inner membrane is particularly vulnerable. 38 Mitochondria that were electron-lucent and spongiform in appearance were observed in epithelial cells of the duodenum in the test group in this study, thus suggesting mitochondrial swelling. It has been reported that mitochondria are important targets for virtually all types of injurious stimuli (including toxins), and that mitochondrial swelling occurs in toxic conditions. (Fig. 2B) .
Juxtaluminal junctional complexes barring access to the intercellular clefts from the duodenal lumen were intact in the control group (Fig. 3A) . In the duodena of the F. graminearum-treated rats, however, an opening of the junctional complexes between the absorptive cells lining the duodenum was observed (Fig. 3B ). As such, neighbouring epithelial cells lining the duodenal surface were detached from each other in some areas. In addition, a prominent cytoplasmic swelling was seen in some duodenal epithelial cells in the test group, and Histopathological effects of Fusarium graminearum on duodenum FIGURE 3: Electron micrographs of duodena of (A) control-group rats (n = 6) and (B) Fusarium graminearum-fed rats (n = 6) after 14 days. Duodenal sections were stained using uranyl acetate and lead citrate. L, duodenal lumen; Mv, microvilli; Tw, terminal web; m, mitochondrium; Ij, intercellular junctions; Oj, an opening of the junctional complex. Bars = 0.5 µm. Detachment of the junctional complexes between lateral plasma membranes of the duodenal epithelial cells was also demonstrated in the test group. Some investigators have stated that the mitochondrial dysfunction that occurs in toxic conditions causes an increase in cytosolic calcium levels, resulting in damage to cytoskeletal elements (including those of intercellular junctions). 38 Opening of intercellular junctions at the apical part of the duodenal epithelium that was observed in the F. graminearum-exposed animals may therefore be a consequence of cytoskeletal damage.
Abundant cytoplasmic vesicles containing electron-lucent materials were seen in the epithelial cells of the duodenum in the test group. It has been reported that mitochondrial damage causes microvesicular fatty change together with accumulation of lipids (and/or lipoproteins) in terminal expansions of rough and smooth endoplasmic reticulum. 38 Additionally, SER plays an important role in absorption of fat in small intestines since its membrane contains enzymes essential for the synthesis of triglycerides from fatty acids and monoglycerides. 39 In our opinion, since Fusarium mycotoxins cause damage of cellular membranes by inducing lipid peroxidation, 37,40 -43 fatty substrates that are not transformed to triglycerides may accumulate in bulbous expansions of SER, thus explaining the presence of the cytoplasmic vesicles in the duodenum of Fusarium-exposed rats. Cytoplasmic swelling was also demonstrated in the duodenal epithelium of the test group, indicating cellular damage. In toxic situations, a shift of extracellular water into the cell occurs due to impairment of the sodium-pump mechanism at the cell membrane, and water accumulates within the cell. Cellular swelling is the first manifestation of almost all forms of cellular injury. 38 In our previous studies, damage to the liver and kidney has also been demonstrated in rats fed a F. graminearumcontaminated diet. 22 ,23 DON and T-2 toxin, which are produced by F. graminearum, induce lipid peroxidation by generating free radicals, thus causing disturbances in the structure of cellular membranes. 37,40 -43 The mycotoxin aurofusarin can reduce antioxidant concentrations in the body by causing oxidation of antioxidants in the intestine before absorption, resulting in stimulation of lipid peroxidation. 30, 32, 40 In addition, it is known that a rise in the number of eosinophilic granulocytes and mast cells occurs in toxic and allergic situations, and that histamine released from mast cells causes interstitial oedema by increasing vascular permeability. 39 In this study, this was supported by the findings of interstitial oedema, numerous eosinophilic granulocytes and mast cells in the lamina propria, and the enlarged intercellular spaces in the duodenal epithelium of the treated animals.
The results of this study clearly show, for the first time at a microscopic level, the harmful effects of dietary F. graminearum on duodenum morphology.
